Electrostatic capacitors have high power density but low energy density. In contrast, batteries and fuel cells have high energy density but low power density. However, supercapacitors can simultaneously achieve both high power density and energy density. Herein, we propose a supercapacitor, in which etched nickel wire was used as a current collector due to its high conductivity. Two redox reactive materials, MnO 2 nanoflakes and NiCo 2 O 4 nanoneedles, were used in a hierarchical structure to cover the roughened surface of the Ni wire to maximize the effective surface area. Thus, a specific capacitance, energy density, and power density of 14.4 F/cm 3 , 2 mWh/cm 3 , and 0.1 W/cm 3 , respectively, was obtained via single-electrode experiments. A fiber-shaped supercapacitor was prepared by twisting two electrodes with solid electrolytes made of KOH and polyvinyl alcohol. Although the solid electrolyte had a low ionic conductivity, the energy density and power density were determined to be 0.97 mWh/cm 3 and 49.8 mW/cm 3 , respectively.
Introduction
Supercapacitors comprise two current collectors, electrodes, and electrolytes. Supercapacitors can overcome the limitations of energy density in electrostatic capacitors and of power density in Li-ion batteries [1] [2] [3] . Supercapacitors can be divided into two categories, electrical double layer capacitors (EDLCs) and pseudo-capacitors.
Significant research has been performed to understand the mechanism of EDLC supercapacitors, using carbon materials such as carbon nanotubes (CNTs), active carbon, and graphene. EDLCs are based on non-faradaic processes where the ions are adsorbed and desorbed physically on the electrode surface without any electron transfer between the electrode and electrolyte. EDLCs are similar to electrostatic capacitors, except that the charges are stored on the electrical double layer, composed of an inner Helmholtz plane (IHP) and the diffuse layer in the bulk electrolyte. Thus, the total capacitance of EDLCs is the sum of the capacitance of the IHP and diffuse layers. The thickness of the adsorbed ions on the electrodes is typically less than 1 nm [1] . When porous, carbon-based materials are used as electrodes for ELDCs, 0.17 to 0.20 electrons can be stored per carbon atom on the surface. Although there is no ion transfer between the electrode and electrolyte interface, electron transfer still occurs from the current collector to the electrode material. Therefore, the conductivity of the electrode and current collector are also important factors in determining the performance. EDLCs have the advantages of high instantaneous output power and long life, but have low energy density [4] .
To solve the problems arising from the physical adsorption mechanism and to improve energy density, pseudo-capacitors based on faradaic processes have been proposed. Faradaic processes involve Figure 1 shows the fabrication processes for NiCo 2 O 4 nanoneedles on the Ni wire, followed by the growth of MnO 2 nanoflakes by the formation of hierarchical nanostructures via two separate hydrothermal processes. Prior to the synthesis of the nanostructures, the surface of the Ni wire (diameter: 300 µm) was cleaned and etched with a mixture of hydrochloric acid (HCl) and nitric acid (HNO 3 was dissolved in 60 mL DI water for the hydrothermal process. Thereafter, the sample was immersed in the solution and was subsequently heated for 6 h at 150 • C. After cleaning with DI water, the sample was annealed for 3 h at 350 • C.
Experimental Section

Synthesis of NiCo 2 O 4 /MnO 2 Hierarchical Nanostructures
Fabrication of Fiber-Shaped Supercapacitor
In order to construct a fiber-shaped supercapacitor using the etched Ni wires with NiCo 2 O 4 /MnO 2 hierarchical nanostructures, an electrolyte was first prepared by mixing 10 mL of 2 M potassium hydroxide (KOH), 10 g of polyvinyl alcohol (PVA, Sigma Aldrich), and 100 mL DI water, which were heated for 3 h at 90 • C. Thereafter, the fiber-shaped supercapacitor was fabricated by twisting together the two etched, nanostructure-modified Ni wires after using PVA/KOH gel as an electrolyte as shown in Figure 2 . 
Characterization
The crystal structure and purity of the substrates and the NiCo 2 O 4 /MnO 2 hierarchical nanostructure were examined by X-ray powder diffraction (XRD) performed on a Bruker D8 Advance X-ray powder diffractometer with Cu-K α radiation. Fourier transform infrared (FTIR) spectra were recorded using a spectrophotometer (FTIR-4100, JASCO) at room temperature by KBr pellet technique. X-ray photoelectron spectra (XPS) were used to investigate the element composition through ESCALAB 250 (Thermo Scientific), using an Al-K α source. The morphological characteristics of the nanostructures were determined using field emission scanning electron microscopy (FE-SEM, JEM-7100F) at an accelerating voltage of 30 kV. To characterize the electrochemical properties of the samples, cyclic voltammetry (CV) was performed at scan rates from 0.1 V s −1 to 2 V s −1 , galvanostatic charging/discharging (GCD) was performed at currents from 200 µA to 1 mA, and electrochemical impedance spectroscopy (EIS) was performed in the frequency range of 100 kHz to 0.01 Hz using a potentiostat (VersaSTAT 300, Princeton Applied Research, USA) at room temperature. In this work, a single electrode with hierarchical nanostructures was characterized in a three-electrode configuration, as shown in Figure 3a . An Ag/AgCl (in 3M KCl) reference electrode and Pt wire as a counter electrode in a 2 M KOH solution were utilized to measure the electrochemical performance. The performance of a fiber-shaped supercapacitor was measured via a two-electrode configuration, as shown in Figure 3b . The specific capacitance C v was calculated by the equation C v = (I × t) ÷ (v × ∆V) (F/cm 3 ); energy density (E) was calculated by the equation E = C v × ∆V 2 ÷ 7200 (Wh/cm 3 ); power density (P) was calculated by the equation P = (E × 3600) ÷ t (W/cm 3 ), where I is the discharging current, t is the discharging time, v is the volume of the electrode, and ∆V is the voltage window [30] . Figure 6 , confirmed the presence of Mn, Ni, Co, C, and O elements in the synthesized electrodes. Herein, the C1s peak at 285.06 eV originates from experimental contamination from the pump oil in vacuum system of the XPS instrument. Figure 7a shows the Ni 2p emission spectrum well fitted with two spin-orbit doublets and two shakeup satellites (designated as Sat.), containing a low energy band (Ni 2p 3/2 ) and a high energy band (Ni 2p 1/2 ) at a binding energy of 855.09 and 872.59 eV, respectively [34, 35] . To determine the different oxidation states of the Ni ions, the Mn 2p peak was deconvoluted by Gaussian-Lorentzian function. In the de-convoluted Ni 2p region, the binding energy located at 853.9 and 872.49 eV in Ni 2p 3/2 and Ni 2p 1/2 , respectively, matched the characteristics of Ni 2+ . Additionally, peaks at 857.79 eV in Ni 2p 3/2 and 874.99 eV in Ni 2p 1/2 are ascribed to Ni 3+ oxidation state. The peaks at 861.39 and 880.09 eV, alongside the high binding energy side of the Ni 2p 3/2 and Ni 2p 1/2 edge, are two shakeup satellites. These satellite peaks confirmed that Ni existed largely in Ni 2+ form [36] . Figure 7b shows the Co 2p spectrum fitted into two spin-orbit doublets and satellite peaks, including a low energy band (Co 2p 3/2 ) and a high energy band (Co 2p 1/2 ) at a binding energy of 780.19 and 795.19 eV, respectively [37] . Furthermore, the deconvolution of the doublet peaks led to the fitting peaks at 780.09 and 795.19 eV, which were attributed to Co 3+ , while the fitted peaks at 781.89 and 797.09 eV were ascribed to Co 2+ . Here, the existence of the majority of Co in the form of the Co 3+ state was exposed by the observed weak satellite peaks [38] . Further, the Mn 2p spectrum in Figure 7c was best fitted with two major peaks, in which the Mn 2p 3/2 peak was centered at 642.19 eV and Mn 2p 1/2 peak at 653.69 eV, indicating that the oxidation state was Mn 4+ , which agrees well with the previous report [39] . The spin-orbit coupling of each peak indicated the presence of Mn 3+ and Mn 4+ , separated by a spin energy of 11.5 eV, and was in good accordance with previous data observed in MnO 2 [40] . The high-resolution spectrum of the O 1s region is shown in Figure 7d , which was distributed into four oxygen contributions (assigned O 1 , O 2 , O 3 , and O 4 ). The O 1 component observed at 529.64 eV can be ascribed to a characteristic metal-oxygen bond [41] . The O 2 component apparent at 531.0 eV was related to defects, occurrence of surface species comprising hydroxyls, chemisorbed oxygen, or species intrinsic to the surface of the spinel [42] . The large number of defect sites with low oxygen coordination typically seen in materials with small particles relates to the O 3 component seen at 532.0 eV [43] . Additionally, the O 4 component at 533.04 eV can be accredited to different types of physically and chemically bonded water molecules on top of and inside the electrode material surface [44] . 
Results and Discussion
Structure and Elemental Composition of the Material
Fabrication Results
The Ni sample was monitored at each step throughout the synthesis process using scanning electron microscopy (SEM); the images are shown in Figure 8 . As shown in Figure 8a , a smooth surface was observed for the Ni wire with a diameter of 300 µm. However, after etching the surface with a mixture of HCl and HNO 3 for 20 min, the surface became rough and the average diameter was reduced to~290 µm ( Figure 8b ). The irregular bumps on the surface effectively increased the reactive surface area. Figure 8c 
Electrochemical Analysis of Single Electrode
In this work, NiCo 2 O 4 nanoneedles were synthesized on both smooth and rough Ni wires with bumps on the surface to examine the effect of surface roughness. The materials were tested by CV at a 0.1 V s −1 scan rate, and GCD at 200 µA charging and discharging current using a three-electrode configuration. As shown in Figure 9 , when the NiCo 2 O 4 nanoneedles were grown on the etched Ni wire surface, the electrochemical performance was better, with large peak current and a long discharging time. These results show that roughening the surface of the electrodes is an efficient way to increase the effective reactive area and subsequently improve the performance. In our experiments, the reduction current increased from 0.14 mA to 0.43 mA in magnitude (Figure 9a) , and the discharging time increased from 1.5 s to 4 s (Figure 9b ). The electrochemical performance of the electrode with NiCo 2 O 4 /MnO 2 hierarchical nanostructures that were formed via the growth of MnO 2 nanoflakes on the sample, with NiCo 2 O 4 nanoneedles on the etched Ni wire, was also measured as shown in Figure 10 . The measurement parameters included 0.1 V s −1 scan rate and 200 µA charging and discharging currents for CV and GCD analysis, respectively. In addition, EIS was performed at a frequency range of 100 kHz to 0.01 Hz under 0.5 V AC voltage in a three-electrode configuration. Compared to the NiCo 2 O 4 nanoneedle electrode (NE) without the MnO 2 nanoflakes, as shown in the CV experiment in Figure 10a , the NiCo 2 O 4 /MnO 2 hierarchical nanostructured electrode (HNE) provided a much larger effective surface area to adsorb the OH − ions and react with the NiCo 2 O 4 /MnO 2 . This structure generated a high peak current via a reversible reaction of Co 3+/ Co 4+ , Ni 2+ /Ni 3+ , and MnO 2 /Mn 2+ [45] . The NiCo 2 O 4 /MnO 2 hierarchical nanostructures showed a much higher electric double layer capacitance in the cyclic voltammetry experiments. By using the NiCo 2 O 4 /MnO 2 HNE, the peak current improved from 0.43 to 3.97 mA and the voltage window increased by almost a factor of two, from −0.5 V to 0.5 V at a 0.1 V s −1 scan rate. Figure 10b demonstrates that the NiCo 2 O 4 /MnO 2 HNE possessed a discharge time of 72 s, which was 18 times longer than that of the NiCo 2 O 4 NE. This extended discharging time was caused not only by the large electric double layer capacitance, but also by an increased redox reaction at the surface. In addition, in this experiment, almost no voltage drop (IR drop) was detected during the current inversion, which implies that the internal resistance was very low [46, 47] . The volumetric specific capacitance, energy density, and power density of the NiCo 2 O 4 NE were 0.8 F/cm 3 (5.93 mF/cm 2 ), 0.055 mWh/cm 3 (0.0004 mWh/cm 2 ) and 2.75 mW/cm 3 (0.02 mW/cm 2 ), respectively. When the results were calculated using the surface area of the electrode, the areal specific capacitance, energy density, and power density became 5.93 mF/cm 2 , 0.0004 mWh/cm 2 , and 0.02 mW/cm 2 , respectively. For the NiCo 2 O 4 /MnO 2 HNE, the volumetric specific capacitance, energy density, and power density were 14.4 F/cm 3 , 2 mWh/cm 3 , and 0.1 W/cm 3 , respectively. The corresponding areal values were 105.4 mF/cm 2 , 0.015 mWh/cm 2 , and 0.73 mW/cm 2 , respectively.
EIS analysis was used to study the equivalent resistance while supplying 0.5 V AC voltage at different frequencies. The Nyquist plot in Figure 10c displays the relationship between the imaginary part (Z im ) and the real part (Z re ) of the electrode impedance. The initial data point in the high frequency (Figure 10d ) measurements shows the initial resistance of the electrode/electrolyte interface, because the effects of mass transfer of the OH − ions on the impedance can be ignored at high frequency [12] . As shown in the magnified view of Figure 10c , the initial resistance was measured as 5.1 Ω and 3.87 Ω for the NiCo 2 O 4 NE and NiCo 2 O 4 /MnO 2 HNE, respectively. Furthermore, the low frequency measurements reflect that the impedance from mass transfer or ion diffusion was also lower in the NiCo 2 O 4 /MnO 2 HNE than in the NiCo 2 O 4 NE.
Performance of Fiber-Shaped Supercapacitor
The fiber-shaped supercapacitor comprising the symmetric assembly of two NiCo 2 O 4 /MnO 2 HNEs, made of etched Ni wires, was characterized as shown in Figure 3b . The experimental setup and fabricated device is shown in Figure 11 . The inset of Figure 11b shows a magnified view of the twisted fiber-shaped supercapacitor. The CV curve of the fiber-shaped supercapacitor exhibited a pure capacitive behavior with a rectangular-shaped curve at 0.1 V s −1 scan rate, as shown in Figure 12a . As the scan rate increased up to 2 V s −1 , the CV plot became more eye-shaped, since the mobility of OH − ions in the PVA/KOH gel electrolyte was limited and could not match the fast voltage variation at high scan rate. The supercapacitor showed a 7.58 mA discharging current at 2 V s −1 . The GCD was measured at charging and discharging currents ranging from 200 µA to 1 mA, and is depicted in Figure 12b . The longest discharging time of 70 s was obtained at 200 µA, with a voltage drop of 0.08 V. Figure 12c shows the Nyquist plot of the supercapacitor, measured at a frequency from a high value of 100 kHz to low value of 0.01 Hz at 2 V AC voltage. A 61.4 Ω initial interface resistance was observed between the electrode and electrolyte at high frequency, and the smaller radius of the semicircular plot in the magnified view represents the electron transfer ability, which was slightly decreased during the redox reaction. Additionally, in the low frequency region, the gentle slope shows that ion diffusion is not remarkable. These poor charge transfer characteristics are a limitation of solid-type electrolytes. Nevertheless, compared to previous reports on all solid-state fiber-shaped supercapacitors, our device showed comparable performance for energy density and power density, as shown in Table 1 and in the Ragone plot in Figure 13 . In addition, in this work, the GCD was used to check the repeatability of the cycling performance of the device. After 3000 cycles under a large charging and discharging current of 1 mA, the capacitance retention was kept at 84%, as shown in Figure 14 . 
Conclusions
In summary, NiCo 2 O 4 /MnO 2 hierarchical nanostructures were successfully synthesized on etched Ni wire to create fiber-shaped electrodes for supercapacitors. The phase formation and elemental composition of NiCo 2 O 4 /MnO 2 hierarchical nanostructures were confirmed using XRD, FTIR, and XPS techniques. The samples containing NiCo 2 O 4 nanoneedles covered with MnO 2 nanoflakes had large surface areas. Thus, NiCo 2 O 4 /MnO 2 HNE exhibited a high volumetric specific capacitance of 14.4 F/cm 3 , and areal specific capacitance of 105.4 mF/cm 2 , with an improved volumetric energy density and power density of 2 mWh/cm 3 and 0.1 W/cm 3 , and areal energy density and power density of 0.015 mWh/cm 2 and 0.73 mW/cm 2 , respectively. A fiber-shaped supercapacitor was assembled using two NiCo 2 O 4 /MnO 2 HNEs with a KOH/PVA gel electrolyte, and its performance was demonstrated. Although the supercapacitor suffered from poor ionic conductivity due to the gel electrolyte, our device still showed significantly higher energy density compared to that reported in other recent studies.
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